We studied gut mucosal perfusion in 24 neonates requiring cardiopulmonary bypass (CPB). Group A patients (n : 12) had obstruction to their aorta such that gut perfusion before operation was dependent on flow through a ductus arteriosus (DA). Group B neonates were of similar age and size and required a similar duration of CPB, but did not have a DA. An orogastric tonometer allowed intermittent calculations of gastric intramucosal pH (pH i ), and rectal mucosal perfusion ("flux") was monitored using laser Doppler flowmetry. Measurements of arterial base deficit, and lactate and pyruvate concentrations were made intermittently. Before CPB, mean femoral arterial pressure (MAP) and base deficit in group A were not significantly different from those in group B. However, mean flux before CPB was significantly lower and the lactate/pyruvate (L/P) ratio was significantly higher in group A compared with group B. Mean pH i was below normal (:7.26) throughout the operative period in group A, although it remained normal (97.33) in group B. After corrective surgery, both during warm CPB and after CPB, we found no significant difference in MAP, L/P ratio or base deficit between the groups, but both flux and pH i were significantly lower in group A compared with group B. We conclude that neonates requiring aortic arch surgery may be at particular risk of gut mucosal hypoxia both before and after operation. (Br.
such that gut perfusion before operation was dependent on flow through a ductus arteriosus (DA). Group B neonates were of similar age and size and required a similar duration of CPB, but did not have a DA. An orogastric tonometer allowed intermittent calculations of gastric intramucosal pH (pH i ), and rectal mucosal perfusion ("flux") was monitored using laser Doppler flowmetry. Measurements of arterial base deficit, and lactate and pyruvate concentrations were made intermittently. Before CPB, mean femoral arterial pressure (MAP) and base deficit in group A were not significantly different from those in group B. However, mean flux before CPB was significantly lower and the lactate/pyruvate (L/P) ratio was significantly higher in group A compared with group B. Mean pH i was below normal (:7.26) throughout the operative period in group A, although it remained normal (97.33) in group B. After corrective surgery, both during warm CPB and after CPB, we found no significant difference in MAP, L/P ratio or base deficit between the groups, but both flux and pH i were significantly lower in group A compared with group B. We conclude that neonates requiring aortic arch surgery may be at particular risk of gut mucosal hypoxia both before and after operation. Splanchnic perfusion during cardiopulmonary bypass (CPB) may be jeopardized by vasoconstriction secondary to hypocapnia 1 or to increased concentrations of angiotensin II, 2 vasopressin, 3 thromboxane, 4 endothelin-1 5 and catecholamines. 3 6 Haemodilution,
and microvessel occlusion secondary to platelet, leucocyte or erythrocyte aggregation, 9 may also reduce oxygen delivery to the gut during CPB. Animal 10 11 and adult 12 13 studies have confirmed that transient gut mucosal ischaemia may occur during and after CPB. A sufficient reduction in gut mucosal blood flow to induce mucosal hypoxia can cause mucosal barrier breakdown and allow bacterial translocation, 14 as the integrity of the intercellular "tight" junctions is an ATP-dependent process. 15 Translocation of bacteria and endotoxins from the gut lumen into the portal and systemic circulations is usually self-limiting but may cause sepsis or multiple organ failure, or both. 16 However, bacterial and endotoxin translocation may not be necessary for distant organ injury after gut ischaemia-reperfusion. 17 The reperfused gut may cause oxidant-induced mast cell activation and priming of circulating neutrophils, resulting in pulmonary injury secondary to neutrophil sequestration. 18 We postulated that neonates with coarctation, or other aortic arch anomalies affecting descending aortic blood flow, may be at particular risk of developing splanchnic ischaemia in the perioperative period. We have compared gut mucosal perfusion in neonates with ductus arteriosus (DA)-dependent circulations with a control group with normal aortic arch anatomy; patients were of a similar mean age and weight, and CPB times were comparable. We used a tonometric technique to assess gastric mucosal perfusion 19 and laser Doppler flowmetry to monitor rectal mucosal perfusion.
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Patients and methods
With local Ethics Committee approval and written, informed parental consent, we studied 12 neonates, 9 2.0 kg in weight, aged 3-15 days, requiring CPB for repair of an cardiac anomaly, together with either a coarctation or interrupted aortic arch. Another 12 neonates with normal aortic arch anatomy (with no DA), requiring CPB for cardiac surgery, were also studied (table 1) . Patients requiring preoperative vasoactive drugs, other than prostaglandins, were excluded. None of the neonates had significant fetal distress in utero. There was no significant difference between mean age, weight or CPB times in the two groups of patients, but mean aortic clamp time in the control group B was significantly longer than in group A (table 2) .
No premedication was used. , supplemented with 0.25% isoflurane in oxygen or air, or both, before CPB. A central venous catheter was inserted and a femoral artery cannulatedfor monitoring of systemic arterial pressure. A urinary catheter and nasopharyngeal and oesophageal temperature probes were inserted and a peripheral tissue oxygen saturation probe was taped in place.
A laser Doppler probe (Moor Instruments Ltd) was inserted 7 cm into the patient's rectum, the probe's special design ensuring that its optical prism lay against the mucosa. 20 The probe was connected to a MBF3/D monitor (Moor Instruments Ltd) and computer; later analysis of recordings was made using Moorsoft data interpretation software (Moor Instruments Ltd). A Trip sigmoid tonometer (Tonometrics, Inc., MA, USA) was inserted orally into the patient's stomach. Correct positioning of the tonometer was aided by the sight of a small bulging of the anterior abdominal wall as it was gently advanced, later confirmed by chest x-ray obtained after operation. Saline 0.9% (2.5 ml) was then introduced anaerobically into the tonometer balloon.
After the chest was opened, but before surgical manipulation of the great vessels, baseline recordings of rectal mucosal flux and femoral mean arterial pressure (MAP) were made over a 5-min period. A sample of arterial blood was obtained for measurement of ), bicarbonate, lactate and pyruvate concentrations were measured and, subsequently, the lactate/pyruvate (L/P) ratio was calculated. PCO 2 of the saline in the tonometer balloon was determined using a Ciba-Corning 865 analyser. Gastric intramucosal pH (pHi) was calculated using the Henderson-Hasselbalch equation and time correction factors as supplied by Tonometrics, Inc. The inspired oxygen concentration before CPB was adjusted such that peripheral oxygen saturation was 75-90% in all patients, although group A patients had a significantly higher mean saturation than group B patients (see table 2 ).
The hollow fibre D701 oxygenator (Dideco) used for CPB was primed with warmed blood and crystalloid such that blood and core temperatures 10 min after initiation of CPB were 34 Ϯ 0.5 ЊC and PCV was 25 Ϯ 5%. When the patient had been established on non-pulsatile CPB at a flow rate of 100 ml kg 91 min 91 for 10 min and nasopharyngeal temperature varied by :0.1 ЊC min
91
, another arterial blood sample was obtained for measurements of PCV, base deficit and bicarbonate, lactate and pyruvate concentrations. MAP and rectal mucosal flux were recorded for another 5 min before the patient was cooled during CPB to 15-25 ЊC, depending on the anticipated duration of low flow or circulatory arrest required. The rate of cooling and rewarming was controlled to approximately 1 ЊC min
. Throughout CPB, PCV was maintained at 25 Ϯ 5% and Ca 2; concentration and base deficit were kept within normal limits, although no drugs were given within 15 min of any study period. Intermittent arterial blood-gas measurement was used to maintain a constant . 21 No vasoactive drugs were required in any patient to maintain MAP at 30-80 mm Hg during warm CPB using a flow rate of 100 ml kg 91 min
. When the patient was rewarmed on CPB and stabilized at 35 Ϯ 0.1 ЊC for 5 min, another set of blood and tonometer samples, flux and haemodynamic readings were obtained over another 5 min. Inotropic support was given as required to aid weaning from CPB when the rewarm readings were complete. A final set of readings and blood samples were obtained just before transfer to the ICU, usually about 1 h after CPB.
Comparisons between mean flux, mean pH, mean MAP, mean base deficit and mean L/P ratio obtained at each period in the two groups were analysed using the Wilcoxon test and SPSS exact test (SPSS UK Ltd). Kendall's tau-b rank correlation coefficient was used to assess associations between MAP, base deficit, flux, pHi and L /P ratios at every period.
Results
Mean flux before CPB in group A (154) was significantly lower than that in group B (275) (P : 0.03) (table 3, fig. 1 ). Although mean pHi before CPB in group A (7.25) was lower than that in group B (7.34), this difference was not statistically significant. Mean L/P ratio before CPB was significantly higher in group A (16.8) than that in group B (11.4) (P : 0.05), although there were no statistically significant differences between the groups in MAP or base deficit before CPB. Mean flux (158) and mean pHi (7.23) in group A were lower than the mean values in group B (236 and 7.41, respectively) during the initial warm CPB period before corrective surgery. However, these differences were not significant, probably because it was not possible in every patient to obtain warm, stable temperatures during CPB for at least 30 min before commencement of core cooling. There were no significant differences between the two groups in mean L/P ratios, MAP or base deficit measured after rewarming on CPB after corrective surgery (table 4) . However, mean flux in group B (183) was significantly higher (P : 0.01) than that in group A (106) at this time. In addition, mean gastric pHi in group A (7.21) was significantly lower (P : 0.04) than that in group B, which remained normal (7.37). Figure 1 Mean (SD) rectal mucosal perfusion ("flux") in the two groups of patients at each observation period. CPB : Cardiopulmonary bypass. CPB-1 : warm CPB before corrective surgery; CPB-2 : warm CPB after corrective surgery. Group A (I) patients had aortic arch obstruction with ductus-dependent circulations; group B ( ) patients had normal aortic arch anatomy. *P : 0.05.
Two patients in group A and one patient in group B did not survive after CPB. To enable successful weaning from CPB, all patients received enoximone 10 g kg 91 min 91 and either dobutamine or adrenaline; we found no significant differences between the two groups in the mean dose of dobutamine or adrenaline required (table 5 ). In addition, for the purposes of statistical comparison and on the basis of data from an ongoing study, we assumed adrenaline 1 g kg 91 min 91 produced an inotropic effect equivalent to dobutamine 20 g kg 91 min
91
. There was no significant difference between the "combined" inotrope requirements in the two groups. Mean pHi in group A (7.07) was significantly lower than that in group B (7.36) after CPB (P : 0.0004) (table 4). Mean flux in group A patients, although slightly higher than the mean pre-CPB value, remained significantly lower than that in group B (P : 0.04). There were no significant differences in mean L/P ratios, MAP or base deficit between the two groups after CPB.
Gastric pHi showed a significant correlation with base deficit both before and after CPB and with L /P ratios after CPB. Significant correlations between arterial base deficit and L /P ratios were found both at warm CPB after corrective surgery and after CPB (table 6, fig. 2 ).
Discussion
We have shown that neonates with aortic arch anomalies (group A) may have periods of gut mucosal ischaemia not only before, but also shortly after corrective surgery. Mean gastric intramucosal pH (pHi) was :7.26 in group A patients, before, during and after surgery, whereas pHi remained 97.33 throughout the operative period in our control group B patients with normal aortic arch anatomy. We believe, on the basis of these results, other neonatal data we have collected (unpublished) and adult studies 13 22 that a pHi value :7.33 is below normal and indicates mucosal hypoxia. In addition, rectal mucosal perfusion ("flux") was significantly lower in group A than that in group B both before and after corrective surgery. The significant difference in gastric pHi and rectal mucosal flux between the two groups of neonates after surgery suggests that despite anatomical correction of the aortic obstruction and a resulting increase in total blood flow to the gut, early post-surgical mucosal perfusion in group A patients remained below normal.
The requirement for saline to be introduced into the tonometer balloon for at least 30 min before sampling implied that the number of observations was reduced during the initial warm CPB (before surgery) period (table 3) . Statistical analysis of this comparative data may therefore underestimate the real difference between the two groups at this time. Measurement of tonometer saline PCO 2 during the other periods was after an equilibration time of 945 min, to allow accurate calculation of pHi. The potential problems and assumptions that underlie the use of laser Doppler flowmetry (LDF) to measure rectal mucosal blood flow have been reported previously. 20 Notwithstanding evidence that prostaglandin E1, administered before CPB only to group A patients, may increase gut mucosal blood flow, 23 ultrasound studies of neonatal mesenteric arterial flow have indicated that the presence of a ductus arteriosus (DA) may lead to compromised splanchnic perfusion. 24 25 Although necrotizing enterocolitis has been reported as a complication of hypoplastic aortic arch, 26 we are not aware of any previous studies that have examined the relationship between DAdependent perfusion, which is peculiar to this age Table 6 Significant correlations between arterial base deficit (BD), gastric pHi, and lactate/pyruvate (L/P) ratios (all patients). There were no other significant correlations between any other measured variables. r : correlation coefficient, P : level of significance. CPB: Cardiopulmonary bypass; Warm CPB-2 : after corrective surgery but still requiring CPB P r e -C P B BD Warm CPB-2 BD Figure 2 Mean (SD) gastric pHi in the two groups of patients at each observation period. CPB : Cardiopulmonary bypass. CPB-1 : warm CPB before corrective surgery; CPB-2 : warm CPB after corrective surgery. Group A (I) patients had aortic arch obstruction with ductus-dependent circulations; group B ( ) patients had normal aortic arch anatomy. *P : 0.05.
group, and gut ischaemia. Nevertheless, the preoperative difference in both mucosal pHi and flux between our two groups of patients was not unexpected.
We have confirmed our previous finding that rectal mucosal flux is decreased after rewarming following CPB-induced hypothermia. 20 In group B patients, with normal aortic arch anatomy, flux during CPB after rewarming was significantly lower than flux before CPB (P : 0.01). However, the reduction in mucosal perfusion did not result in an abnormal gastric pHi in this group of patients, suggesting that although mucosal blood flow had been reduced, it had not decreased sufficiently to cause mucosal hypoxia. In contrast, rewarm flux in group A was not only significantly lower than that in group B, but was associated with gastric intramucosal acidosis. These data are compatible with the premise that when mucosal blood flow decreases to below the critical level required to maintain mucosal cell homeostasis, pHi decreases to below normal values, indicating mucosal hypoxia. One hour after weaning from CPB, pHi in group A decreased to 7.07, despite a small increase in rectal mucosal flux, confirming data from an adult study which showed that pHi values after CPB do not necessarily correlate with global splanchnic perfusion. 27 Nevertheless, the flux value of 179 after CPB in group A patients compares with out "normal" flux values of 250-300 (values taken from this study, previous published work 20 and other unpublished data). This finding suggests that although gut mucosal blood flow had improved (by about 16%) after surgery, this increase had not been sufficient to return values to "normal".
CPB-induced impairment of macro-or microcirculatory vasoregulation, or both, has been suggested as a cause of heterogeneous distribution of gut blood flow after CPB, 27 although our data for group B patients do not support this. The relatively low flux after CPB in group A patients may have been a result of local vascular endothelial release of the potent long-lasting vasoconstrictor endothelin-1, which is known to increase in response to hypoxia or reduction in regional perfusion pressure. 28 29 Alternatively, the more severe gut mucosal ischaemia-reperfusion injury experienced by group A compared with group B patients may have caused an increase in local nitric oxide inhibition 18 or eicosanoid release. 4 18 In addition, there is evidence that reperfusion injury can cause severe disruption of the mucosal microcirculation. Boros, Takaichi and Hatanaka 9 have shown, in an animal model, that reperfusion of ischaemic gut mucosa can lead to capillary block caused by erythrocyte plugging, possibly secondary to perivascular oedema and capillary compression.
In addition to below-normal mucosal blood flow, another possible cause of mucosal hypoxia after CPB is that of increased cellular oxygen consumption secondary to reperfusion injury 30 or use of inotropic drugs. 31 Our two groups of patients required equipotent amounts of inotropic support (table 5) . Data from an ongoing study (unpublished) suggests that adrenaline, given in a dose of 91 g kg 91 min 91 , produces a higher mean systemic vascular resistance than dobutamine when given in an equipotent inotropic dose. We therefore compared the dose rates of adrenaline and dobutamine separately in the two groups of patients, but found no significant difference. It would seem, therefore, that the vasoconstrictor effect of high-dose adrenaline, although unquantified in this study, was unlikely to have been the main determinant of mucosal hypoxia after CPB in group A patients. However, these data do not preclude the possibility that an increase in local endothelin-1 concentrations in group A patients would have potentiated the splanchnic vasoconstrictor effects of high-dose adrenaline. 32 Base deficit 33 and L /P ratios 34 are thought to be useful global indices of cellular oxygenation. L /P values 910 are indicative of tissue hypoxia; the higher the value, the greater the magnitude of the oxygen debt. Although lactate generation per se does not cause acidaemia, increased lactate production as a result of development of anaerobic metabolism is associated with degradation of highenergy phosphates, leading to increased production of hydrogen ions and carbon dioxide. Reperfusion of ischaemic tissue would be expected therefore to wash out both accumulated lactate and hydrogen ions, causing an increase in both L /P ratio and base deficit. Although the preoperative L /P ratio in group A was significantly higher than that in group B, hyperlactataemia in the former group was not associated with significant acidaemia. This suggests that, despite better peripheral tissue oxygen saturation than group B, tissue hypoxia in group A was occurring, although it was not severe or extensive. Hypothermic CPB may decrease both hepatic lactate clearance and pyruvate metabolism such that the L/P ratio remains unchanged. 34 35 However, in all of our patients, L/P ratios increased and remained abnormally high during CPB, probably because of the lactate and citrate load associated with a blood prime, and lactate washout with reperfusion after periods of low flow. An imbalance between regional oxygen delivery and tissue oxygen consumption during rewarming causes hyperlactataemia and our finding of similar high L /P values after CPB in both groups of patients suggests that hypoxia in tissues other than the gut may occur in all neonates after CPB. We found significant correlations between base deficit and L /P ratios after surgery and between pHi and base deficit before and after surgery. However, the non-specific indices of tissue hypoxia, L /P ratio and base deficit, were generally unhelpful in identifying those patients most at risk of gut mucosal hypoxia.
We have shown that neonates requiring aortic arch surgery are at risk of below-normal gut mucosal perfusion and hypoxia, not only before and during corrective surgery, but also after operation, despite resultant normal aortic arch perfusion. Although gastric and rectal mucosal perfusion cannot necessarily be related to ileal or colonic perfusion, we believe that further studies are required to determine if strategies that may improve gut perfusion, such as administration of dopexamine, prevent or ameliorate the gut mucosal hypoxia we have observed in neonates with aortic arch anomalies.
